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Echocardiographic Assessment of Left Atrial Size and Function in
Warmblood Horses: Reference Intervals, Allometric Scaling, and
Agreement of Diﬀerent Echocardiographic Variables
I.M. Huesler, K.J. Mitchell, and C.C. Schwarzwald
Background: Echocardiographic assessment of left atrial (LA) size and function in horses is not standardized.
Objectives: The aim of this study was to establish reference intervals for echocardiographic indices of LA size and func-
tion in Warmblood horses and to provide proof of concept for allometric scaling of variables and for the clinical use of area-
based indices.
Animals: Thirty-one healthy Warmblood horses and 91 Warmblood horses with a primary diagnosis of mitral regurgita-
tion (MR) or aortic regurgitation (AR).
Methods: Retrospective study. Echocardiographic indices of LA size and function were measured and scaled to body
weight (BWT). Reference intervals were calculated, the inﬂuence of BWT, age, and valvular regurgitation on LA size and
function was investigated and agreement between diﬀerent measurements of LA size was assessed.
Results: Allometric scaling of variables of LA size allowed for correction of diﬀerences in BWT. Indices of LA size docu-
mented LA enlargement with moderate and severe MR and AR, whereas most indices of LA mechanical function were not
signiﬁcantly altered by valvular regurgitation. Diﬀerent indices of LA size were in fair to good agreement but still lead to dis-
cordant conclusions with regard to assessment of LA enlargement in individual horses.
Conclusions and Clinical Importance: Allometric scaling of echocardiographic variables of LA size is advised to correct for
diﬀerences in BWT among Warmblood horses. Assessment of LA dimensions should be based on an integrative approach
combining subjective evaluation and assessment of multiple measurements, including area-based variables. The clinical rele-
vance of indices of LA mechanical function remains unclear when used in horses with mitral or aortic regurgitation.
Key words: Equine; Heart; Imaging; Valvular regurgitation.
Assessment of left atrial (LA) dimensions constitutesa central part of every echocardiographic examina-
tion. It provides important information on the hemody-
namic eﬀects and severity of a variety of heart diseases
and allows for monitoring of disease progression over
time. In horses, assessment of LA size has traditionally
been limited to subjective evaluation and measurement
of the LA diameter in a left-parasternal long-axis
view.1,2 However, using linear dimensions as the sole
measure of LA size might be misleading, as it neglects
the fact that the LA can enlarge in multiple directions,
thereby changing its three-dimensional geometry.3 In
addition, the exact timing of measurements within the
cardiac cycle is often undeﬁned in clinical practice and
measurements are usually not corrected for diﬀerences
in body size, although LA size is known to be related
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2D two-dimensional
2DE two-dimensional echocardiography
AC area change
AR aortic regurgitation
Am late-diastolic left ventricular radial wall motion
velocity
ANOVA analysis of variance
AAD aortic annular diameter
AoD aortic sinus diameter
AoA aortic area
BWT body weight
CI conﬁdence interval
d diastolic
ECG electrocardiogram
Em early-diastolic left ventricular radial wall motion
velocity
FAC fractional area change
FS fractional shortening
HR heart rate
IVS interventricular septal thickness
LA left atrium or left atrial
LAD left atrial diameter
LAA left atrial area
llx left-parasternal long-axis view
LV left ventricle or left ventricular
LVFW left-ventricular free wall
LVID left-ventricular internal diameter
M-mode motion mode
MR mitral regurgitation
MWT mean wall thickness
NSR normal sinus rhythm
PAD pulmonary artery diameter
PR pulmonic regurgitation
RI reservoir index
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to body weight.4–7 Finally, LA mechanical function
might have a prognostic implication in a variety of
diseases,8–11 but is rarely considered during routine
echocardiographic examinations in horses.
Methods and reliability of a variety of conventional
(linear) and novel (area-based) indices could allow a
more comprehensive assessment of LA size and
mechanical function in horses.12,13 However, their clini-
cal use is not standardized across centers and the use of
novel indices is poorly established. Reference intervals
are lacking and the inﬂuence of age and body weight is
unknown. Although two-dimensional (2D) (area) mea-
surements of LA dimensions might be more sensitive
for detection of mild LA enlargement compared to one-
dimensional (linear) indices, this has not been proven in
horses.
The goals of this study were to (1) assess the inﬂu-
ence of age and body weight (BWT) on LA size and
function in Warmblood horses, (2) support the concept
for allometric scaling of variables, (3) establish reference
intervals for echocardiographic indices of LA size and
mechanical function in Warmblood horses, and (4) pro-
vide prove of concept for the clinical use of area-based
indices of LA size in this species. The eﬀect of various
degrees of mitral (MR) and aortic regurgitation (AR)
on indices of LA size and mechanical function was
described and agreement between conventional linear
measurements of LA size and novel area-based indices
of LA size was assessed in a population of healthy
horses and horses with valvular regurgitation.
Materials and Methods
Study Population
The study population was chosen retrospectively and included
Warmblood horses (WB) that had undergone a standardized
echocardiographic examination at the University of Zurich Equine
Hospital between June 2007 and January 2014. Enrollment criteria
were the following: BWT >300 kg; age >2 years; no sedation prior
or during the examination; normal sinus rhythm; absence of car-
diovascular disease (healthy group) or presence of mitral or aortic
regurgitation as a primary diagnosis (diseased group); and the
availability of a complete, standardized echocardiogram of good
quality, with an electrocardiogram (ECG) recorded simultaneously
and performed by a single experienced operator (CCS).
One hundred and twenty-two Warmblood horses fulﬁlled the
inclusion criteria. Thirty-one horses (12 female, 19 male castrated;
6–23 (12  4) years; 450–707 (574  58) kg [range (mean  stan-
dard deviation, SD)]) were considered healthy based on medical
history, physical examination, electrocardiography and transtho-
racic echocardiography. The remaining 91 horses (30 female, 5
male, 56 male castrated; 3–28 (14  6) years; 430–720 (577  60)
kg) had a primary diagnosis of MR or AR, diagnosed by
auscultation and conﬁrmed and graded by echocardiography.
Grading of the severity of valvular regurgitation was based on the
duration of the regurgitant signal, high-velocity jet area and ﬂow
disturbance, and the number of imaging planes in which the high-
velocity jet could be observed in the receiving chamber.14 The
horses were grouped according to the primarily aﬀected valve, as
judged by the clinician performing the echocardiogram (CCS). The
group “trivial-mild MR” (n = 27) contained horses with trivial
MR (n = 2); trivial MR plus trivial pulmonic regurgitation (PR,
n = 2); mild MR (n = 14); mild MR plus trivial to mild AR
(n = 6); and mild MR plus trivial to mild PR and/or tricuspid
regurgitation (TR, n = 3). The group “moderate MR” (n = 25)
contained horses with moderate MR (n = 19); moderate MR plus
mild AR (n = 3); and moderate MR plus trivial to moderate TR
(n = 3). The group “severe MR” (n = 3) contained horses with
severe MR (n = 2); and severe MR plus mild AR, TR and PR
(n = 1). The group “trivial-mild AR” (n = 9) contained horses
with trivial AR (n = 1); trivial AR plus trivial PR and TR (n = 1);
mild AR (n = 5); and mild AR plus mild PR (n = 2). The group
“moderate AR” (n = 13) contained horses with moderate AR
(n = 11); and moderate AR plus mild MR (n = 1) or moderate PR
(n = 1). The group “severe AR” (n = 14) contained horses with
severe AR (n = 13); and severe AR plus mild PR (n = 1). None of
the horses were in congestive heart failure.
Echocardiography
All echocardiographic examinations and measurements were
performed by a single operator (CCS) according to a standardized
protocol. During the examination, all horses were standing in a
quiet room and restrained by an experienced handler. All horses
were unsedated during the examination. Transthoracic echocardio-
graphya was performed with a phased array transducerb at a
frequency of 1.9/4.0 MHz (octave harmonics). A single-lead
base-apex electrocardiogram was recorded simultaneously. Record-
ings were stored as still frames or cine-loops in digital raw format
for oﬄine analysis.c Three representative non-consecutive cardiac
cycles were measured and averaged for each variable. Cycles
immediately following a sinus pause, second-degree atrioventricu-
lar block or ectopic beat were precluded from analysis. The heart
rate (HR) of each measured cycle was calculated based on the RR
interval (ms) preceding the analyzed cycle (HR = 60,000/RR). All
measurements were performed at the time of examination of the
horses, strictly adhering to a predetermined measurement protocol
that was used throughout the duration of data collection.
Routine transthoracic two-dimensional (2DE), motion mode
(M-mode), tissue Doppler and color Doppler echocardiography
were performed to assess cardiac structures, valvular competence,
great vessel dimensions, chamber dimensions, and left ventricular
(LV) systolic and diastolic function by use of standard right-
parasternal long-axis and short-axis views.1,2,9,12,13,15,16 The main
attention was then directed to the assessment of LA size and
mechanical function using the methods previously described.9,12,13
The variables and indices used in this study are listed in detail in
Appendix 1 and the measurements are shown in the supporting
information (Figure S1).
The measurements of great vessel and chamber dimensions were
corrected for diﬀerences in BWT according to the principles of
allometric scaling.6,17 Speciﬁcally, the measurements of LA and LV
dimensions were normalized to a BWT of 500 kg using the follow-
ing equations: diameter (500) = measured diameter / BWT1/3 9
5001/3; area (500) = measured area / BWT2/3 9 5002/3. In addition,
linear indices were indexed to aortic annular diameter (AAD) and
area measurements were indexed to AAD2 and aortic short-axis
area, respectively, as an alternative method to correct for diﬀer-
ences in body size.13
RWT relative wall thickness
SD standard deviation
s systolic
sx short axis
TR tricuspid regurgitation
WB Warmblood horse
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Data Analysis and Statistics
Data collection, graphical presentation, data analysis, and
statistics were performed using commercially available computer
software.d,e,f,g
The relationship of echocardiographic variables obtained in
healthy Warmblood horses to age and BWT was assessed using
linear regression analyses. For dimensional variables (ie, variables
of great vessel and chamber size), both raw data and weight-
corrected data were included in linear regression analyses in order
to assess the eﬀect of weight correction.
The reference intervals for the measured and calculated vari-
ables were calculated based on the data of 31 healthy Warmblood
horses using a dedicated software package.f For dimensional vari-
ables, only the weight-corrected measurements were used. Distri-
bution of the data was checked using raw data box-and-whisker
plots, histograms, and normal probability plots. For symmetrically
distributed data, standard methods were used to calculate the
lower and upper limit of the reference interval on untransformed
data. For PAsxD/AoD, LAsxAmax/AosxA and LADmax/LVIDd,
normal distribution could not be assumed; therefore, the reference
interval was calculated using standard methods based on Box-Cox
transformed data. The 90% conﬁdence intervals (CI) of the limits
of the reference intervals were determined using a bootstrap
method.
Echocardiographic indices obtained in healthy horses were com-
pared to those obtained in horses with trivial-mild MR, moderate
MR, and severe MR, and to those obtained in horses with trivial-
mild AR, moderate AR, and severe AR, using a one-way analysis
of variance (ANOVA) with Dunnett’s posthoc test.e Homogeneity
of variances was assessed by graphical display of the data and
validity of the normality assumption was conﬁrmed by assessment
of normal probability plots of the residuals. Summary statistics
were calculated for each group and expressed as mean  SD.
The number of horses in which diﬀerent methods of measure-
ment obtained during a single examination revealed discordant
results concerning left atrial enlargement (ie, one variable indicated
normal LA size and another variable indicated LA enlargement)
was expressed as proportion and percentage for a variety of com-
binations. The relationship between diﬀerent indices of LA size
was assessed using linear regression analyses. Agreement of diﬀer-
ent indices for detection of reduced, normal, and increased LA size
(as judged based on the calculated reference intervals) in all horses
and in horses with valvular regurgitation, respectively, was quanti-
ﬁed using weighted kappa (jw) statistics.
g Thereby, jw > 0.75 indi-
cated excellent agreement, jw ranging from 0.40 to 0.75 indicated
fair to good agreement, and jw < 0.40 indicated poor agreement.
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Finally, Bland–Altman analyses were performed to calculate mean
bias and 95% limits of agreement for comparison between linear
measurements of LA size and between area measurements of LA
size.19,20
The level of signiﬁcance for all statistical analyses was P = .05.
Results
Linear regression analyses indicated that before
correction of dimensional variables for diﬀerences in
BWT, LADmax (P = .010, r
2 = 0.21), LAAmax (P < .001,
r2 = 0.59), LAAa (P < .001, r
2 = 0.34), LAAmin (P < .001,
r2 = 0.41), LAsxAmax (P < .001, r
2 = 0.43), LADllx-max
(P = .0012, r2 = 0.31), AoD (P = .021, r2 = 0.17), AAD
(P = .0026, r2 = 0.27), AosxA (P = .0034, r
2 = 0.26),
PAsxD (P < .001, r
2 = 0.37), and LVFWs (P = .035,
r2 = 0.14) were positively related to BWT in healthy
Warmblood horses. After allometric scaling to a standard
BWT of 500 kg, none of these variables remained
signiﬁcantly related to BWT. The IVSs (500) was the only
scaled measurement that was (inversely) related to BWT
(P = .008, r2 = 0.22). With exception of passive LA FAC
(P = .050, r2 = 0.13) and IVSd (500) (P = .036, r
2 = 0.14),
which both increased with higher age, none of the echocar-
diographic variables was signiﬁcantly related to age.
The reference intervals for echocardiographic vari-
ables of LA size and mechanical function and for basic
variables of great vessel size and LV size and function
are summarized in Table 1.
Table 2 summarizes the comparison of echocardio-
graphic variables of LA size and mechanical function
and basic variables of great vessel dimensions and LV
size and function in healthy horses and horses with var-
ious degrees of MR and AR. Several indices of LA size,
including LADmax (500), LADmax/AAD, LAAmax (500),
LAAmax/AAD
2, LAsxAmax (500), and LADllx-max (500)
were signiﬁcantly higher in horses with moderate and
severe valvular regurgitation. Conversely, with the
exception of passive LA FAC in horses with severe AR,
the indices of LA mechanical function (ie, active LA
FAC, LA RI, active:total LA AC, and Am) were not
signiﬁcantly altered in horses with mitral and aortic
regurgitation.
Table 3 lists the proportions (percentages) of horses
in which diﬀerent methods of measurement obtained
during a single echocardiographic examination revealed
discordant results concerning left atrial enlargement.
Finally, agreement of diﬀerent echocardiographic vari-
ables used for assessment of LA size is summarized in
Figure 1.
Discussion
This study provides support for allometric scaling of
echocardiographic variables of LA size and deﬁnes ref-
erence intervals for a multitude of echocardiographic
indices of LA size and function in Warmblood horses.
It further provides proof of concept for the use of area-
based indices for assessment of LA dimensions in
horses.
The results of this study conﬁrm that measurements
of LA dimensions are signiﬁcantly related to BWT. This
is in agreement with other studies in horses, demon-
strating that cardiac dimensions are aﬀected by body
size.5,6,21–23 Therefore, appropriate correction for diﬀer-
ences in BWT is necessary to compare echocardio-
graphic measurements between individuals.17 Diﬀerent
variants of allometric scaling have been described for
dogs,6,17,24 horses,6 and foals,25 overall suggesting that
the theoretical assumptions that cardiac volumes are
linearly related to BWT, cross-sectional areas are lin-
early related to BWT2/3 (proportional to body surface
area), and linear dimensions are linearly related to
BWT1/3 (proportional to body length) are clinically
applicable to correct echocardiographic measurements
for diﬀerences in BWT. However, some of the
approaches are not very practical for daily clinical use.
Therefore, we chose an allometric scaling approach that
corrects echocardiographic variables to a standard body
weight of 500 kg and allows intuitive interpretation of
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weight-corrected variables.26,27 The results of this study
show that allometric scaling of echocardiographic mea-
surements of LA size in Warmblood horses is eﬀective
and eliminates the signiﬁcant relationship of LA dimen-
sions to body weight. It is important to notice that allo-
metric scaling might not be applicable for use across
diﬀerent equine breeds, particularly when including
small breeds and ponies. Whereas further studies are
needed to investigate the use of allometric scaling across
diﬀerent breeds, it seems unlikely that it will completely
replace the need for breed-speciﬁc reference intervals.
Another limitation that needs to be considered is the
potential impact of body condition. In this study, the
horses’ height and their body condition score were not
considered for allometric scaling. Theoretically, the use
of the ideal body weight as opposed to the actual body
weight might result in even better correction for diﬀer-
ences in BWT. However, the ideal body weight could
only be estimated by approximation, which would be
an additional source of error.
Except for passive LA FAC and IVSd, none of the
variables of this study is signiﬁcantly aﬀected by age. In
people, advanced age is associated with depressed left
atrial passive emptying function and increased left atrial
volume, contributing to an increase in atrial ejection
force and active atrial stroke volume. This might
Table 1. Reference values of healthy Warmblood horses.
Variable Unit n Mean SD
Lower Limit of
Reference Interval
(90% CI)
Upper Limit of
Reference Interval
(90% CI)
Left atrium
LADmax (500) cm 31 11.9 0.7 10.5 (10.2–10.8) 13.2 (12.9–13.5)
LADmax/AAD 31 1.9 0.1 1.6 (1.5–1.6) 2.1 (2.1–2.2)
LAAmax (500) cm
2 31 92.8 5.0 82.3 (79.9–84.8) 103.2 (100.5–105.8)
LAAmax/AAD
2 30 2.3 0.3 1.7 (1.6–1.9) 2.8 (2.6–2.9)
LAAa (500) cm
2 31 71.1 5.6 59.4 (56.7–62.2) 82.8 (79.8–85.7)
LAAa/AAD
2 31 1.7 0.2 1.3 (1.2–1.4) 2.2 (2.1–2.3)
LAAmin (500) cm
2 29 57.9 3.9 49.9 (48.0–51.9) 66.0 (63.9–68.0)
LAAmin/AAD
2 31 1.4 0.2 1.1 (0.9–1.1) 1.8 (1.7–1.9)
Active LA FAC % 31 20 7 6 (3–9) 33 (30–37)
Passive LA FAC % 31 23 5 13 (11–16) 33 (31–36)
LA RI % 30 62 11 39 (34–45) 86 (80–91)
Active:total LA AC 31 0.39 0.12 0.13 (0.08–0.20) 0.65 (0.58–0.71)
LAsxAmax (500) cm
2 31 108.8 12.2 83.5 (77.7–89.6) 134.1 (127.7–140.3)
LAsxAmax/AosxA 31 2.5 0.3 2.0 (1.9–2.1) 3.2 (2.9–3.4)
LADllx-max (500) cm 31 12.9 0.5 11.8 (11.6–12.1) 14.0 (13.7–14.3)
LADllx-max/AAD 31 2.0 0.1 1.7 (1.7–1.8) 2.3 (2.2–2.4)
Great vessels
PAD (500) cm 30 6.5 0.4 5.6 (5.4–5.9) 7.4 (7.2–7.6)
AoD (500) cm 31 7.6 0.5 6.5 (6.3–6.8) 8.7 (8.4–9.0)
PAD/AoD 31 0.86 0.07 0.71 (0.68–0.75) 1.00 (0.96–1.04)
PAsxD (500) cm 31 5.0 0.3 4.3 (4.2–4.5) 5.6 (5.4–5.8)
PAsxD/AoD 31 0.66 0.06 0.55 (0.53–0.57) 0.79 (0.75–0.84)
AAD (500) cm 31 6.4 0.4 5.6 (5.4–5.8) 7.2 (7.0–7.4)
AosxA (500) cm
2 31 44.8 5.5 33.5 (30.9–36.2) 56.2 (53.3–59.0)
Left ventricle
IVSd (500) cm 31 3.0 0.3 2.3 (2.2–2.5) 3.7 (3.6–3.9)
LVFWd (500) cm 30 2.5 0.3 1.9 (1.8–2.1) 3.1 (3.0–3.3)
LVIDd (500) cm 31 11.1 0.9 9.3 (8.9–9.7) 12.9 (12.4–13.3)
LVIDd/AAD 31 1.7 0.2 1.4 (1.3–1.5) 2.1 (2.0–2.2)
LADmax/LVIDd 31 1.1 0.1 0.9 (0.9–1.0) 1.3 (1.2–1.5)
IVSs (500) cm 31 4.4 0.4 3.5 (3.3–3.7) 5.2 (5.0–5.5)
LVFWs (500) cm 31 4.4 0.4 3.7 (3.5–3.8) 5.1 (5.0–5.3)
LVIDs (500) cm 31 6.7 0.8 5.0 (4.6–5.4) 8.4 (7.9–8.8)
LVIDs/AAD 31 1.1 0.2 0.7 (0.7–0.8) 1.4 (1.3–1.4)
RWTd cm 31 0.51 0.05 0.40 (0.37–0.42) 0.62 (0.59–0.65)
MWTd (500) cm 31 2.8 0.2 2.4 (2.3–2.5) 3.2 (3.1–3.3)
LV FS % 31 40 5 30 (28–32) 50 (47–52)
Em cm/s 28 33 4 24 (22–26) 41 (39–43)
Am cm/s 27 11 2 7 (6–8) 14 (13–15)
Em/Am 30 3.1 0.8 1.4 (1.0–1.8) 4.7 (4.3–5.1)
n, number of horses; SD, standard deviation; CI, conﬁdence interval.
For detailed explanation of echocardiographic indices see Appendix 1.
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represent a compensatory mechanism to increase the
atrial contribution of ventricular ﬁlling to overcome the
normal age-related decrease in LV relaxation.28–30 The
results of this study suggest that these mechanisms
might not hold true for normally aging healthy Warm-
blood horses. It is possible that the range of diﬀerent
ages available in the study population was not wide
enough to be able to detect age-related changes in LA
and LV size and function. The reference intervals pro-
vided in this study (Table 1) should therefore be used
with caution for Warmblood horses younger than 6 and
older than 19 years, as 30 of the 31 healthy horses
included in this study were between 6 and 19 years of
age. Also, training status and athletic condition might
inﬂuence cardiac size and mechanical function of diﬀer-
ent age groups, with young adults and middle aged-
horses being more likely to be in athletic condition
compared to adolescent and older horses. The data
available for this study did not allow assessing the inﬂu-
ence of training and athletic condition on cardiac size
and mechanical function, since the training status and
athletic condition was not objectively assessed and
recorded.
Progressive mitral and aortic regurgitation are associ-
ated with LA and LV volume overload, with the degree
of chamber enlargement depending on the severity of
valvular regurgitation.31–38 Therefore, even in the
absence of a gold standard for assessment of LA size
and function, comparison of echocardiographic vari-
ables between healthy horses and horses with diﬀerent
severities of valvular regurgitation allows evaluation of
the variables’ relative clinical value to detect disease-
related alterations. Speciﬁcally, the results of this study
indicate that on a population level all echocardio-
graphic indices of LA size, scaled to a standard BWT
of 500 kg, are able to identify signiﬁcant LA enlarge-
ment in horses with moderate and severe mitral regurgi-
tation (Table 2). Left atrial dilation is less consistent in
horses with AR and is usually only present in advanced
stages of disease.38 Accordingly, in the groups of horses
with moderate and severe AR, LA enlargement is not
consistently detected using weight-corrected indices of
LA size.
In addition to the allometric scaling of variables to
a standard body weight of 500 kg, a second method
was applied to correct for diﬀerent body size by index-
ing LA dimensions to aortic size.6,13,24 This was done
under the assumption that aortic dimensions are
directly related to BWT (which is conﬁrmed by the
results of this study) and can serve as an internal ref-
erence for body size in lack of an accurate body
weight. Because the ﬁbrous aortic annulus is likely to
be less aﬀected by alterations in stroke volume, blood
pressure, and wall stretch than the more elastic aortic
sinus or sino-tubular junction, the aortic annular diam-
eter (AAD), and the short-axis area of the aorta
(AosxA) measured at the level of the valve cusps (close to
the aortic annulus), but not the aortic sinus diameter
(AoD), were used for indexing. Indeed, the regression
analyses revealed that the coeﬃcient of determination is
Table 3. Proportion (percentage) of horses in which diﬀerent methods of measurement obtained during a single
examination revealed discordant results concerning left atrial enlargement.
Variables indicate normal LA
dimensions
Variables indicate
LA enlargement
All horses Horses with valvular regurgitation
n = 122 n = 91
LADmax (500) LADllx-max (500) 9/95 9.5% 9/64 14%
LAAmax (500) 8/97 8.2% 8/66 12%
LAsxAmax (500) 3/97 3.1% 3/66 4.5%
LADllx-max (500) LADmax (500) 6/91 6.6% 6/61 9.8%
LAAmax (500) 11/91 12% 11/61 18%
LAsxAmax (500) 3/91 3.3% 3/61 4.9%
LAAmax (500) LADmax (500) 2/83 2.4% 2/52 3.8%
LADllx-max (500) 6/81 7.4% 6/50 12%
LAsxAmax (500) 4/83 4.8% 4/52 7.7%
LAsxAmax (500) LADmax (500) 13/108 12% 13/78 17%
LADllx-max (500) 17/106 16% 17/76 22%
LAAmax (500) 20/108 19% 20/78 26%
LADmax (500) and LADllx-max (500) LAAmax (500) 7/85 8.2% 7/55 13%
LAsxAmax (500) 2/85 2.4% 2/55 3.6%
LAAmax (500) and LAsxAmax (500) LADmax (500) 1/78 1.3% 1/48 2.1%
LADllx-max (500) 6/78 7.7% 6/48 13%
LADmax (500) LADmax/AAD 9/97 9.3% 7/66 11%
LADmax/AAD LADmax (500) 10/94 11% 10/65 15%
LADllx-max (500) LADllx-max/AAD 1/91 1.1% 1/61 1.6%
LADllx-max/AAD LADllx-max (500) 15/106 14% 15/75 20%
LAAmax (500) LAAmax/AAD
2 4/83 4.8% 3/52 5.8%
LAAmax/AAD
2 LAAmax (500) 16/98 16% 16/68 24%
LAsxAmax (500) LAsxAmax/AosxA 2/108 1.9% 2/78 2.6%
LAsxAmax/AosxA LAsxAmax (500) 9/109 8.3% 9/78 12%
For detailed explanation of echocardiographic indices see Appendix 1.
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Fig 1. Method agreement for diﬀerent variables of left atrial size. The black dots indicate the subpopulation of healthy horses and the red
dots represent the subpopulation of horses with valvular regurgitation. A, C-E, G-J: Linear regression analyses and Kappa statistics. The
dotted lines illustrate the reference intervals of the respective indices. B, F: Bland–Altman analyses. The solid lines represent the mean bias,
the dotted lines indicate the 95% limits of agreement. Numeric results are reported separately for analyses including all (ie, healthy and dis-
eased) Warmblood horses and for analyses including diseased Warmblood horses only. WB, Warmblood; P, P value of linear regression
statistics; r2, coeﬃcient of determination; jw, weighted kappa. For detailed explanation of echocardiographic indices see Appendix 1.
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higher for AAD (r2 = 0.27) and AosxA (r
2 = 0.26) than
for AoD (r2 = 0.17), suggesting that AAD and AosxA
show a stronger relation to BWT and are less inﬂu-
enced by other factors than AoD. However, indexing
of dimensional variables to aortic size might not be
valid for horses with aortic valve disease, because
dilatation of the aortic root is expected in horses with
moderate to severe aortic regurgitation.36 Although
there is no signiﬁcant enlargement of AoD (500)
(P = .10) and AAD (500) (P = .13) in horses with AR,
AosxA (500) indicates aortic root enlargement in horses
with moderate and severe AR. Furthermore, the results
summarized in Table 2 indicate that LA dimensions
indexed to AAD might not be as sensitive to detect LA
enlargement as LA dimensions normalized to a stan-
dard BWT. This is in agreement with a study in dogs,
which revealed that allometrically scaled 2DE measure-
ments of LA size correlate well with measurements
obtained by real-time three-dimensional echocardiogra-
phy, whereas corresponding indexed measurements do
not.24 Therefore, normalization of measurements of LA
size to a BWT of 500 kg appears preferable and
provides a clinically applicable and intuitive method for
weight correction of echocardiographic variables of LA
size in horses.
Echocardiographic indices of LA mechanical function
have previously been described in horses.13 They are
suﬃciently reliable for routine clinical use, allow docu-
menting LA mechanical dysfunction after conversion of
atrial ﬁbrillation to sinus rhythm9,39,40 and could have
prognostic implications in horses recovering from atrial
ﬁbrillation.8 However, the use of these indices in horses
with MR and AR has not been described. The eﬀects of
chronic mitral regurgitation on LA function have been
examined in dogs using LA pressure–dimension rela-
tionships.31 The left atrial contribution to LV ﬁlling can
be augmented as a result of activation of the Frank–
Starling mechanism by LA dilation. The LA becomes
more compliant and its reservoir function is enhanced,
attenuating increases in LA pressure while simultane-
ously maintaining adequate LV ﬁlling volume. How-
ever, chronic LA volume overload and chamber
dilation might eventually result in reduced LA emptying
fraction and LA mechanical dysfunction.31,41 Hence,
both increased and decreased active LA function might
be observed in horses with valvular regurgitation and
LA volume overload, depending on the stage of disease.
In this study, Em and passive LA FAC are signiﬁcantly
decreased in horses with severe AR, consistent with
reduced LA reservoir and conduit function. This likely
results from impaired diastolic empting of the LA
related to increased LV diastolic pressures and interfer-
ence of mitral inﬂow with the aortic regurgitation jet.
However, none of the other echocardiographic indices
of LA function shows signiﬁcant alterations with valvu-
lar regurgitation on a population level. Therefore, the
results of this study are inconclusive with regard to the
clinical value of echocardiographic indices of LA
mechanical function in horses with MR and AR. The
data suggest that the functional response of the LA to
valvular regurgitation can be variable in individual
horses. However, the population size of this study does
not allow more detailed subgroup analyses and compre-
hensive investigation of the inﬂuence of diﬀerent stages
or causes of MR and AR on LA mechanical function.
One could argue that assessment of active LA contrac-
tion by 2DE should be based on measurement of LA
area at the time of maximum atrial contraction (deter-
mined subjectively),8,39,40 since at the time of MV clo-
sure (which occurs some time after maximum atrial
contraction) the LA dimensions have again slightly
increased because of pulmonary venous return and
beginning LA relaxation. However, measurement of LA
dimensions at the time of maximum LA contraction
can be diﬃcult in horses with less vigorous or complete
lack of active atrial contraction, such as horses with
atrial stunning. The standard measurement protocol
used in this study included only LA dimensions at the
time of MV closure. Certainly, indices of LA function
based on measurements of LA area at the time of maxi-
mum LA contraction would be diﬀerent to those
reported in this study, but it is currently unclear
whether the diﬀerence would be clinically relevant. The
data available in this study do not allow investigating
this diﬀerence.
With the lack of a gold standard, this study does not
allow quantifying accuracy of the respective variables or
proving the superiority of area-based measurements of
LA size over unidimensional variables. However, the
results indicate that agreement of diﬀerent indices for
detection of abnormal LA size is fair to good for the
majority of weight-corrected variables of LA size, with
the exception of poor agreement between LAAmax (500)
and LAsxAmax (500). On average, the weight-corrected
LA diameter measures approximately 1 cm larger in a
left-parasternal compared to a right-parasternal long-
axis view (Fig 1B) and the weight-corrected LA area
measures approximately 18 cm2 larger in a right-para-
sternal short-axis compared to a long-axis view
(Fig 1F). Agreement between LA dimensions scaled to
a BWT of 500 kg and corresponding dimensions
indexed to AAD is fair to good for LADllx-max and
LAAmax (when considering all horses) but poor for
LADmax, LAsxAmax, and LAAmax (when considering
diseased horses only) (Fig 1G–J). Even for variables
with fair to good agreement, the use of diﬀerent vari-
ables may lead to discordant conclusions with regard to
the presence of LA enlargement in individual horses
(Table 3 and Fig 1). This can likely be explained by
inherent measurement variability and by the fact that
variables represent diﬀerent uniplanar or biplanar
dimensions of an asymmetrical three-dimensional struc-
ture that can enlarge in a multidirectional fashion.42
Although on a theoretical basis the use of area-based
variables might be preferable, the results of this study
do not unconditionally support this assumption. Our
results however strongly suggest that in addition to sub-
jective assessment of LA size and function, a variety of
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diﬀerent variables, including conventional linear mea-
surements and novel area-based measurements, should
be jointly considered for diagnosing and documenting
LA dilation in horses.
In conclusion, this study deﬁnes reference intervals
for echocardiographic indices of LA size and function
in Warmblood horses and suggests that novel area-
based measurements and indices are in fair to good
agreement with conventional unidimensional indices of
LA size and function. Allometric scaling appears to be
an eﬀective and practical method to correct for diﬀer-
ences in body size in a population of Warmblood
horses. Weight-corrected variables might be preferred to
aortic indexing for assessing LA size, particularly in
horses with moderate to severe AR. Most of the
echocardiographic LA indices are able to identify LA
enlargement in horses with mitral and aortic regurgita-
tion. However, various echocardiographic indices can
result in diﬀerent conclusions with regard to identiﬁca-
tion of LA enlargement, suggesting that assessment of
LA dimensions should be based on an integrative
approach of subjective evaluation and joint assessment
of a combination of multiple measurements and indices.
The clinical relevance of echocardiographic assessment
of LA mechanical function in horses with mitral or aor-
tic regurgitation remains unclear and needs to be fur-
ther investigated.
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Jolla, CA
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Appendix 1: Echocardiographic variables (see also supporting information Figure S1).12,13,15,16
Left atrium (LA)
2DE, right-parasternal long-axis four chamber view, optimized to image the LA
LADmax (cm) Internal left atrial diameter measured at the widest distance parallel to the mitral valve annulus during
maximum atrial ﬁlling (at end-systole, one frame before mitral valve opening)
LADmax/AAD LADmax-to-AAD ratio
LAAmax (cm
2) Internal left atrial area measured during maximum atrial ﬁlling (at end-systole, one frame
before mitral valve opening)
LAAmax/AAD
2 LAAmax-to-AAD
2 ratio
LAAa (cm
2) Internal left atrial area measured at the onset of active atrial contraction (at the onset of the
electrocardiographic P wave)
LAAa/AAD
2 LAAa-to-AAD
2 ratio
LAAmin (cm
2) Internal left atrial area measured during minimum atrial ﬁlling (at closure of the mitral valve)
LAAmin/AAD
2 LAAmin-to-AAD
2 ratio
Calculated variables of LA mechanical function
Active LA FAC (%) Active fractional area change of the LA [active LA FAC = (LAAa – LAAmin) / LAAa 9 100]
Passive LA FAC (%) Passive fractional area change of the LA [passive LA FAC = (LAAmax – LAAa) / LAAmax 9 100]
LA RI (%) LA reservoir index [LA RI = (LAAmax – LAAmin) / LAAmin 9 100]
Active:total LA AC Ratio of active-to-total LA area change [active:total LA AC = (LAAa – LAAmin)/(LAAmax – LAAmin)]
2DE, right-parasternal short-axis view of the aorta and the LA, optimized to image the LA and the LA appendage
LAsxAmax (cm
2) Internal area of the left atrium during maximum atrial ﬁlling (at time of aortic valve closure)
AosxA (cm
2) Internal area of the aorta at time of aortic valve closure
LAsxAmax/AosxA LAsxAmax-to-AosxA ratio
2DE, left-parasternal long-axis view, optimized to image the LA
LADllx-max (cm) Left atrial diameter measured at the widest distance during maximum atrial ﬁlling
(at end-systole, one frame before mitral valve opening)
LADllx-max/AAD LADllx-max-to-AAD ratio
Great vessels
2DE, right-parasternal long-axis right ventricular outﬂow tract (RVOT) view
PAD (cm) Pulmonary artery sinus diameter measured at end-diastole
(continued)
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2DE, right-parasternal long-axis left ventricular outﬂow tract (LVOT) view
AoD (cm) Aortic sinus diameter measured at end-diastole
PAsxD (cm) Cross-sectional pulmonary artery diameter at end-diastole
AAD (cm) Aortic annular diameter at peak systole
PAD/AoD PAD-to-AoD ratio
PAsxD/AoD PAsxD-to-AoD ratio
Left ventricle (LV)
M-mode, right-parasternal short-axis view at the chordal level
IVSd, IVSs (cm) Interventricular septal thickness at end-diastole and at peak systole
LVIDd, LVIDs (cm) Left ventricular internal diameter at end-diastole and at peak systole
LVFWd, LVFWs (cm) Left ventricular free wall thickness at end-diastole and at peak systole
LVIDd/AAD LVIDd-to-AAD ratio
LVIDs/AAD LVIDs-to-AAD ratio
LADmax/LVIDd LADmax-to-LVIDd ratio
LV FS (%) Left ventricular fractional shortening [LV FS = (LVIDd–LVIDs) / LVIDd 9 100]
Pulsed-wave tissue Doppler imaging, right-parasternal short-axis view at the chordal level, cursor placed on LV free wall
Em (cm/s) Early-diastolic peak radial LV wall motion velocity
Am (cm/s) Late-diastolic peak radial LV wall motion velocity
Em/Am Em-to-Am ratio
Supporting Information
Additional Supporting Information may be found online in the supporting information tab for this article:
Figure S1. Overview on image planes and echocardiographic measurements.
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Supplemental Figure S1: Overview on image planes and echocardiographic measurements.  
A-C: Right-parasternal long-axis four chamber view, optimized to image the left atrium (A) during maximum atrial filling (at end-systole, one frame 
before mitral valve opening), (B) at the onset of active atrial contraction (at the onset of the electrocardiographic P wave) and (C) during minimum 
atrial filling (at closure of the mitral valve).  
LADmax, internal left atrial diameter measured at the widest distance parallel to the mitral valve annulus during maximum atrial filling; LAAmax, 
internal left atrial area measured during maximum atrial filling; LAAa, internal left atrial area measured at the onset of active atrial contraction; 
LAAmin, internal left atrial area measured during minimum atrial filling; LV, left ventricle; PV, pulmonic veins entering the left atrium. 
D: Right-parasternal short-axis view of the aorta and the LA, optimized to image the LA and the LA appendage during maximum atrial filling (at 
time of aortic valve closure). 
LAsxAmax, internal area of the left atrium during maximum atrial filling; AosxA, internal area of the aorta. 
E: Left-parasternal long-axis view, optimized to image the LA during maximum atrial filling (at end-systole, one frame before mitral valve opening). 
LADllx-max, left atrial diameter measured at the widest distance during maximum atrial filling; LV, left ventricle. 
F: Right-parasternal long-axis right ventricular outflow tract (RVOT) view at end-diastole. 
PAD, pulmonary artery sinus diameter; RV, right ventricle. 
G: Right-parasternal long-axis left ventricular outflow tract (LVOT) view at end-diastole and at peak systole [insert]. 
AoD, aortic sinus diameter measured at end-diastole; PAsxD, cross-sectional pulmonary artery diameter at end-diastole; AAD, aortic annular 
diameter at peak systole; LV, left ventricle; PA, pulmonary artery. 
H: Left-parasternal short-axis view of the left ventricle at the chordal level in M-mode. 
IVSd, interventricular septal thickness at end-diastole; IVSs, interventricular septal thickness at peak systole; LVIDd, left ventricular internal diameter 
at end-diastole; LVIDs, left ventricular internal diameter at peak systole; LVFWd, left ventricular free wall thickness at end-diastole; LVFWs, left 
ventricular free wall thickness at peak systole. 
I: Pulsed-wave tissue Doppler imaging, right-parasternal short-axis view of the left ventricle at the chordal level, cursor placed on LV free wall. 
Em, early-diastolic peak radial LV wall motion velocity; Am, late-diastolic peak radial LV wall motion velocity. 
 
